Five maturities of switchgrass hay harvested at 14-d intervals (vegetative through 20% heading) were fed to Hereford steers (297 kg) in a 5 × 5 Latin square. Relationships with switchgrass maturity were negative and quadratic ( P < .05) for DMI and cubic ( P < .05) for digestible DMI. Declines in apparent digestibilities of DM, ADF, and cellulose were cubic ( P < .05), whereas these were quadratic ( P < .05) for NDF, hemicellulose, and CP. Whole masticates from the least, mid, and most mature hays showed linear ( P < .05) declines in DM concentration and IVDMD with increasing maturity, whereas NDF concentrations increased linearly ( P < .05). Mean retention time of gastrointestinal DM increased linearly ( P < .01) from 64 to 94 h from the least to the most mature hay, and the associated rate of passage declined linearly ( P < .01) from 3.3 to 2.1%/h. Sieving of masticate DM showed a reduced proportion of large particles ( ≥ 2.8 mm) and an increased proportion of small particles ( ≤ .5 mm) with advancing forage maturity. More than 94% of the sieved fecal DM passed a 1.0-mm sieve, but particle sizes showed the same relationship with forage maturity as noted for masticate DM. This occurred despite the comminution from the rumination and digestive processes.
Introduction
The decline in nutritive value of forages is considered linear with advancing physiological maturity (Blaser et al., 1986) . However, a continuous digestion trial with goats fed forage beginning early in the vegetative stage revealed periods of rapid decline followed by plateaus in DMI and to a lesser degree in DM digestion (Ademosum et al., 1968) . Linear reductions in the nutritive value of forages with advancing maturity may be an artifact of the maturity intervals selected. Other studies have revealed indirect evidence that particle size of extrusa may be altered by plant maturity (Pond et al., 1984) , and particle sizes in the rumen have been implicated in altering DMI and passage rate (Kennedy, 1985) .
Deviations from linear declines in nutritive value with advancing forage maturity have efficiency implications in forage utilization (Burns, 1981) . The objectives of this study were to examine a range of switchgrass ( Panicum virgatum L.) hay maturities to test for 1 ) changes in nutritive value, 2 ) nonlinearity in the relationship of advancing maturity to intake estimates and digestibilities of DM and fiber constituents, and 3 ) changes in ingestive mastication and rate of DM passage through the gastrointestinal tract.
Materials and Methods

Experimental Hays
A well-established and uniform 1.2-ha stand of 'Kanlow' switchgrass grown on a cecil clay loam (clayey, kaolinitic thermic Typic Hapludult) soil near Raleigh, NC was the source of the experimental hays. The previous fall's accumulation of forage was burned in February. The area was top-dressed with 41 and 37 kg/ha of phosphorus and potassium, respectively. Ammonium nitrate was applied on March 14 at 90 kg of N/ha. The first hay was harvested June 9 ( d 0 ) and each 14 d thereafter for 56 d, giving harvest dates of 3 Sodium chloride, from 955 to 985 g/kg; Mn and Fe, 2.4 g/kg; Mg, .5 g/kg, Cu and Zn, 320 mg/kg; I, 70 mg/kg; and Co, 40 mg/kg.
June 24 ( d 14), July 8 ( d 28), July 22 ( d 42), and August 5 ( d 56). Height measurements were 1.3, 1.4, 1.8, 1.7, and 1.7 m, respectively. Rainfall in April and May totaled 71 mm above normal, near normal in June ( −14 mm), but thereafter 82 mm below normal through the last harvest. The plateau reached in plant height noted on d 42 and 56 reflects the drier conditions. Plant physiological stages at each harvest were vegetative through d 28, midboot on d 42, and with approximately 20% of heads emerged by d 56.
Forage for all maturity treatments was harvested from the most uniform half of the source field with a flail chopper set to leave a 15-cm stubble. The forage for each treatment was harvested sequentially from one side of the area (.6 ha) to minimize border effects, was cut in 8-to 15-cm lengths, blown into a selfunloading wagon, unloaded into a metal drying barn, and dried overnight (18 h ) by forced air (88°C at inlet) to yield approximately 1,400 kg of DM. The dryer (11.7 m long × 3.2 m wide × 2.6 m high), used to make drying conditions similar across harvests, was a metal tobacco dryer placed on a concrete slab and modified by increasing both the fan size (both blade number and horsepower) and recirculation capacity to accelerate both air discharge and recirculation. Forage was distributed evenly to a depth of approximately 1.2 m over the perforated floor positioned .5 m above the concrete slab. The area between the concrete slab and the perforated floor served as the incoming air chamber. Discharge vents above the hay were open the first 8 h to expel moisture-laden air and were closed approximately 80% thereafter to increase drying rate and conserve fuel. After drying, the hay was baled and stored until fed. No additional chopping was required.
Intake and Digestion Phase
The animal facility consisted of a metal structure partitioned into a feed preparation area on the west end; an enclosed, but well-ventilated, area with moderate temperature control in the middle; and a roofed section extending on the east end with the three sides exposed. The intake phase was conducted in the open section of the east end of the facility, which has a raised, basketweave, metal platform fitted with electronic (Calan) gates. The digestion phase was conducted in the middle section that housed the digestion crates. Moderate outside winter temperature prevailed during this study, with mean temperatures ranging from 11°C in period 1 to 2°C in period 3, then returning to 8°C by period 5. Minimum temperature ranged from 4°C in period 1 to −3°C in period 3, then returned to 2°C in period 5.
Five Hereford steers ( Bos taurus) weighing 288 to 306 kg were confined to the platform area in the intake section of the facility. Each steer was keyed to allow access to only one manger but had free access to trace mineralized salt 3 and water. After conditioning to the gates, each animal was randomly assigned to one of the five hay treatments in a 5 × 5 Latin square design. Each experimental period consisted of a 21-d intake phase (Burns et al., 1994) followed by a 12-d digestion phase. In the intake phase, a recorded weight of hay was fed twice daily allowing a 15% excess. Adjustments were based on the previous day's intake. A daily sample of the "as-fed" hay was obtained and composites made on a weekly basis. Orts were weighed twice daily and saved for each animal and composited each week. These weekly samples were composited for each period, thoroughly mixed and sampled, ground in a Wiley mill to pass a 1-mm screen, and stored at room temperature until analyzed. Unshrunk animal weights were obtained on d 4, 14, and 21 of each intake period from which shortterm ADG were computed. Calculations of ad libitum intake were based on the last 14 d of the 21-d period.
The digestion phase immediately followed each intake period. Animals were moved from the intake area into digestion crates and the area maintained between 10 to 24°C. The digestion phase consisted of a 7-d adjustment period followed by a 5-d total fecal collection. A recorded weight of forage was fed twice daily at 90% of the previous week's ad libitum intake to prevent excessive quantities of orts. A daily sample of the "as-fed" hays was taken and orts saved by animal and composited for the 5-d collection period.
Feces were collected and weighed for each of five consecutive 24-h periods. Feces were thoroughly mixed daily and 5% of the fresh weight was placed in a freezer. A second sample was obtained and placed in a freezer for particle size determination and chemical analysis. After the 5-d collection, the composite frozen samples were oven-dried (55°C), weighed for DM determination, ground in a Wiley mill to pass a 1-mm screen, thoroughly mixed, and stored until analyzed. The samples for fecal particle size determination remained in the freezer ( −15°C ) until freezedried and then dry-sieved through a Fritsch vibrator system (Fritsch Analysette, The Tekmar Co., Cincinnati, OH). Seven particle sizes were obtained consisting of DM retained on 4.00-, 2.80-, 1.70-, 1.00-, .50-, and .25-mm sieves and that which passed through the .25-mm sieve (<.25 mm). Sieved samples were then stored in the freezer until analyzed.
Mastication Phase
Three of the five experimental hays were selected representing the early ( d 0), middle ( d 28), and late ( d 56) maturities. Three esophageally fistulated Angus steers weighing 482 to 569 kg were fed the most mature ( d 56) hay for a 5-d standardization. Two days before collection the animals were assigned at random to each treatment in a 3 × 3 Latin square design. Each period consisted of 2 d of collections with a 0900 and 1500 collection each day.
Steers were offered 1.2 kg of hay at each collection. The cannulas were removed and boli collected by hand to ensure complete collection. The first three to four boli were discarded and the following five to eight collected. They were individually weighed, then mixed, placed in a plastic bag and immediately quick-frozen in liquid nitrogen ( −195°C ) and stored in a freezer ( −15°C ) until freeze-dried. The dried boli were sampled for chemical analyses and for particle size determination.
Particle size of boli and feces DM was determined by dry sieving a 15-g sample. Dry weight was recorded for the material retained on each sieve and that which passed the .25-mm sieve. Samples were composited across days and feeding times for each sieve size. The composited samples were ground in a Udy mill to pass a .5-mm screen and stored in a freezer until analyzed.
Preparation and Administration of Markers
Two markers, chromium (Cr) and ytterbium (Yb), were used to estimate gastrointestinal tract fill of undigested DM ( FILL) , mean retention time ( MRT) , digesta rate of passage ( ROP) , and fecal output ( FO) . Cobalt-EDTA was used to estimate ROP and MRT of the liquid phase. Masticated forage collected from each treatment via esophageal fistula was boiled in neutral detergent solution (without EDTA) to remove cell solubles. A sample of the fiber residue was mordanted with 10% Cr (Na 2 Cr 2 O 7 ) solution according to Uden et al. (1980) . A second sample was soaked in Yb overnight then rinsed repeatedly with tap water to remove excess marker and dried in a forced-air oven at 55°C . Cobalt-EDTA was dissolved in water according to Uden et al. (1980) . From 13 to 15 g of the Cr-marked fiber (about 2% Cr) or Yb-marked fiber (.8 to 1.1% Yb) was packed into gelatin capsules (Torpac #07, 42 mL size, Torpac Limited, Associated Capsules, India) for dosing. Steers were pulse-dosed with each marker during the digestion phase at approximately 0800 on the day preceding total fecal collections. The gelatin capsules were hydrated with warm water and dosed via balling gun and cobalt-EDTA was administered orally via syringe (.8 g/animal).
Fecal samples for estimates of digesta kinetics were generally obtained rectally, or occasionally immediately following defecation, before dosing and every 4 h through 56 h, and thereafter every 8 h through 144 h. Fecal samples were weighed, placed in a forced-air oven at 55°C until dry, ground in a coffee grinder, and stored at room temperature until analyzed.
Laboratory Analyses
All experimental hay and ort samples from the intake and digestion phases and feces from the digestion phase were analyzed for total N (Lowe and Hamilton, 1967) , NDF, ADF, and lignin (Van Soest and Robertson, 1979) . Hemicellulose and cellulose were determined by difference and N × 6.25 to give CP. In vitro dry matter disappearance ( IVDMD) was determined by a modified Tilley and Terry (1963) two-stage procedure (Burns and Cope, 1974) . Fermentation periods of 48 and 96 h were used. In addition, NDF and IVDMD were determined on the whole masticate and on the sieved masticate and fecal particles. Fecal samples were also wet-ashed and Cr, Co, and Yb concentrations determined by atomic absorption spectrophotometry (Quiroz et al., 1988) . Air was used as an oxidant for Cr and Co determinations, but Yb concentrations were determined with nitrous oxide as the oxidant. The fecal concentrations of Cr or Yb, with time after dosing, were fitted to a two-compartment model with gamma-four age dependency in the second compartment . Cobalt was fitted to a biexponential model . The models for Cr and Yb permitted the computation of FO, FILL, MRT, and ROP . Dry matter intake of individual animals was computed using the following relationship: daily DMI = FO/(1 − IVDMD/100), with IVDMD as an estimate of apparent DM digestion. The daily DMI estimated from FO was compared to the DMI observed during the collection period of the digestion phase. The model for Co was used to estimate only ROP and MRT of the liquid phase.
Statistical Analyses
All data from the intake and digestion phases, including digesta kinetics, were analyzed as a 5 × 5 Latin Square design. Data from the mastication phase was analyzed as a 3 × 3 Latin square design. In all cases the model included terms for animal, period, and treatment. The three-way interaction was used to test all sources of variation for significance according to the F-test (Steel and Torrie, 1980) . The fecal and masticate particle data were expressed in percentages of cumulative particle weight oversize and were used to determine mean and median particle sizes (Fisher et al., 1988) . Significant ( P < .05) linear, quadratic, and cubic components were determined in the analyses of variance and appropriate regression equations based on the highest order significant component were used to examine the relationships of quality and composition to maturity (Steel and Torrie, 1980) . Regression analyses were conducted on period means and intercept and coefficients determined for the corresponding R 2 representing the proportion of the total sums of squares accounted for by the model. Simple correlation also was used to examine selected relationships. 
Results and Discussion
Intake and Digestion of Dry Matter and Fiber
The relationships of DMI, dry matter digestion ( DMD) , and digestible DMI ( DDMI) with maturity ( Figure 1 ) were negative and nonlinear, being quadratic, cubic, and cubic, respectively (Table 1) . Nonlinear declines in these forage quality characteristics with advancing plant maturity agree with Ademosum et al. (1968) . Associated with the negative animal responses was an increase in NDF concentration in the hays showing a cubic (Figure 1 ) relationship with plant maturity ( Y = 69.3 + .551X − .015X 2 + .00015X 3 , with X = any day from 0 through 56; R 2 = .999). Several segments of the trends in Figure 1 are of major importance. First, the large decline in both DMI and DMD 14 d following the initial (June 9 ) harvest represents a shift from a forage of acceptable quality (DMD = 62.4% and DMI = 2.1% of BW/d) that would support .9 kg/d of body weight gain of a 272-kg steer to a lower-quality forage that is only slightly better than a maintenance diet (NRC, 1984) . This was consistent with the concurrent declines in DDMI ( Figure 1 ) and subsequent short-term, but statistically significant, animal daily gains (quadratic trend, P < .05, SE = .22 kg) ranging from 1.0 kg/d for hay harvested on d 0 to .2 kg/d from hay harvested 14 d later to essentially maintenance for steers fed hay from the remaining harvests (data not shown).
The second important segment noted in Figure 1 is the near plateau in DMD from d 14 through 42.
During this same period, IVDMD and CP concentrations of the fed hay (digestion phase) continued to decline with advancing maturity (Table 2 ), but at a slower rate than noted from d 0 to 14. The digestion of NDF, ADF, cellulose, and hemicellulose of switchgrass showed significant quadratic or cubic changes with advancing maturity (Table 1) . From d 14 through 42, the decline in digestion of NDF, ADF, and cellulose nearly reached a plateau as noted for DMD. The digestion of hemicellulose continued to decline, but at a reduced rate. Except for ADF, the fiber fractions generally had apparent digestion coefficients of 50% or greater for the later, more mature hays even though the cell wall concentrations in the forage were > 76%. This supports the findings of Burns et al. (1985) that the fiber fraction of switchgrass is relatively digestible, and explains, in part, the high daily gains reported from steers grazing switchgrass (Burns et al., 1984; Anderson et al., 1988) . Although the relationship between CP digestibility and hay maturity was also quadratic, large declines occurred through d 42 with coefficients under 45% ( Figure 2 ) and CP concentrations under 7.0% (Table 2 ) Figure 2. The relationship between the coefficients of digestion for NDF, ADF, hemicellulose, cellulose, CP, and switchgrass hay maturity beginning d 0 (June 9) through 56 (August 5).
The reduction in CP concentration with maturity of the forage, along with declining DMI and CP digestibilities, resulted in a sharp reduction in digestible CP intake showing a cubic trend with maturity (Table 1) . Forage harvested on d 0 provided 2.5 times the digestible CP intake of forage harvested on d 14 (150 vs 60 g/100 kg BW) and 3.8 times that harvested on d 28. This change, the relative consistency in the digestibilities of the fiber fractions after d 14 or 28, and the continued decline in DMI and DDMI ( Figure  2 ) through d 56 suggest that low CP concentration and low CP digestibility, including low degradable CP (not measured), may be the dominant factor reducing animal responses at the later maturities. In a study to model DMI of these hays, acceptable simulation required adjustments for low dietary protein (Fisher et al., 1996) . This aspect, along with changes in escape protein noted to be high in switchgrass (Mullahey et al., 1992) , warrants additional study. The intakes (data not shown) of digestible NDF, ADF, and cellulose showed a cubic relationship with maturity, whereas digestible hemicellulose intake was quadratically related to maturity (prediction equations are presented in Table 1 ). Although switchgrass cultivars, locations of production, and maturity when harvested were generally confounded in a study by Vona et al. (1984) , a similar trend of large reductions in DMD, CP digestion, and DMI for both cattle and Table 3 . Coefficients of linear correlation (r) between IVDMD of two fermentation times from forages fed in the intake phase and their fiber and nitrogen composition and between IVDMD and their coefficients of digestion (oven-dry basis) a n = 5. *P < .05. **P < .01. ***P < .001. The rapid decline in hay quality during the first 14-d interval following d 0 indicates a need for the timely harvest of switchgrass to achieve an adequate animal response (NRC, 1984) . High animal performance without supplementation would require harvesting before or by June 9. Although the switchgrass remained vegetative through d 28, culms were elongating and were approaching the early-boot stage. After the large initial decline in DDMI by d 14, the change in DDMI through d 42 was relatively small and these hays would support animals with relatively low nutritional requirements.
The IVDMD and chemical composition of the experimental hays fed in the intake (data not shown) and digestion phases (Table 2 ) were very similar. The hay and ort composition diverged as maturity increased. This was attributed to animal selectivity and, depending on the variable, was evident for hay harvested on d 14 or 28. Orts seemed to consist of a greater proportion of stem with increased maturity. This observation is supported by the reduced IVDMD and CP concentrations and increased fiber constituents in the orts compared with the fed forage ( Table  2) . This relationship occurred in both the intake and digestion phases.
In Vitro Relationships
The utility of IVDMD as an index for estimating switchgrass quality is indicated by the high correlations for either the 48-or 96-h fermentation with the CP and fiber concentrations in the forage and with the digestibilities of these fractions in the forage (Table  3 ). The change in IVDMD with maturity followed a cubic trend (Table 1 ) for the 48-and 96-h estimates with slightly higher correlation coefficients noted for the 48-h data. Griffin et al. (1980) reported DMD to be 17.5 percentage units higher than IVDMD for switchgrass hays. Burns et al. (1984) reported a similar discrepancy for switchgrass but the differential was Figure 3 . Relationships between IVDMD (48 and 96 h) of as-fed hays within the intake (r > .99**) and digestion phases (r = .99**) and in vivo dry matter digestibility. The 48-h IVDMD of the hays fed in both the intake and digestion phases (Table 2 ) showed a negative bias with DMD (Figure 3) , averaging −8.2 and −8.6 percentage units for the intake and digestion phases, respectively. This bias increased as hay maturity increased (Figure 4) . However, the 96-h IVDMD more closely approached apparent DMD (Figure 3 ). The 96-h values were slightly higher for the least mature hays but lower for the most mature hays (Figure 4) . On the average, the 96-h IVDMD approximated the apparent DMD values, averaging only one percentage unit higher for the hays in the intake phase and 1.8 percentage units less for the hays in the digestion phase. Data from the 48-and 96-h IVDMD assays were highly correlated using hays within either the intake or digestion phases ( r > .99) and seem to be equally useful as relative indices to switchgrass quality. However, the 48-h IVDMD can be misleading when absolute IVDMD values are of interest such as in diet formulation or when allocating feed to achieve a target animal response. In this case the 96-h IVDMD would be the procedure of choice.
Masticate Characteristics
To examine the influence of switchgrass maturity on masticate characteristics, the earliest, middle, and latest maturities were selected from the five hays and evaluated. Dry matter concentrations of the whole masticates were similar among animals and between morning and afternoon feedings within and between days (data not shown) but showed a linear decline with hay maturity (Table 4) . This indicates an increased incorporation of saliva during ingestive mastication of the more mature hay. Whole masticate IVDMD and NDF did not show significant animal effects ( X = 58.7 and 71.1%, respectively) but did show linear changes with hay maturity (Table 4) . Masticate IVDMD declined from 68.1% for the earliest maturity hay to 51.7% for the latest maturity hay, whereas NDF increased from 65.7 to 73.9%. Whole masticate IVDMD was similar between sequential days, whereas NDF differed ( P < .05), but these differences were small (70.4 vs 71.8%) and not considered important. Masticate IVDMD (Table 4 ) was numerically higher and NDF lower than the forage fed in either the intake or digestion phases (Table 2) , demonstrating the animal's ability to select a diet higher in quality than that offered even when hays are chopped.
Separation of the whole masticate DM into the seven particle sizes for each hay showed significant animal × particle size and hay × particle size interactions. The animal effect was associated with nonparallel trends and was considered of little consequence. The hay × particle size interaction resulted from a shift in the percentage of the DM present in each particle size ( Figure 5 , upper three curves) and is attributable mainly to the different distribution for the most mature ( d 56) hay. This forage showed a general reduction in cumulative percent oversize at all sieve sizes. The degree of particle reduction just from ingestive mastication is striking: 50% or more of the bolus particles were reduced to < 1.7 mm, a size that could readily escape the rumen via the reticulo-omasal orifice (Poppi et al., 1980) . The proportion of the masticate DM < 1.70 mm averaged 50, 53, and 61% for the 0-, 28-, and 56-d maturities, respectively. Ingestive mastication and the resultant particle size is an important animal response in forage utilization, as noted earlier by Ellis (1978) . Computation of mean and medium particle sizes showed only a hay maturity effect ( P < .05) with reduced particle size in the 56-d hay (Table 4) .
The NDF and IVDMD concentrations of the masticate particles were altered by hay maturity and differed among particle sizes but were not altered by day of feeding, and they showed a hay × particle size interaction ( P < .01). The NDF concentration ( Figure  6A ) increased as particle size increased within each hay and as hay matured, with the hay × particle size interaction associated mainly with the 0-d hay. The plateau in NDF concentrations of particles between .4 and 1.4 mm for the 28-d hay was also reflected in IVDMD ( Figure 6B ). These particle characteristics differ from those of the 56-d hay. The maturity × particle size interaction noted for IVDMD is apparent from the high and similar IVDMD of the 0-d hay for Table 6 . Digesta kinetics in steers fed switchgrass hay of five maturities and pulse-dosed with chromium-mordanted and ytterbium-marked fiber and cobalt-EDTA a a Abbreviations: MRT = total tract mean retention time, ROP = rate of passage, and FILL = total gastrointestinal tract DM. b Fit with a gamma four age-dependent, age-independent two-compartment model. 
all particle sizes (67%) contrasted with the declines in IVDMD with increasing particle size of the 28-and 56-d hays ( Figure 6B ). The increase in NDF concentration with particle size for the 0-d hay ( Figure 6A ) is not strongly reflected in declining IVDMD ( Figure 6B ) and indicates high availability of the fiber fraction to digestion of this hay regardless of particle size. The percentage distribution of the total indigestible dry matter and NDF contents retained on the various sieve sizes also showed a particle size × hay maturity interaction ( P < .05, Table 5 ). These distributions were generally similar, strongly reflecting the masticate DM distribution, and show that 70 to 74% of the indigestible DM and NDF were in particles between .5 and 2.7 mm. The interaction for indigestible DM and NDF is attributed to increased particle size reduction with hay maturity (Figure 5 ), hence a progressive increase in indigestible DM and NDF in particles at the smaller sieve sizes with increasing forage maturity. The IVDMD and NDF concentrations of the particle sizes showed linear decreases and increases, respectively, with hay maturity (Figure 6 ). An exception occurred for NDF retained on the large sieve (> 2.8 mm), for which a quadratic change was noted. The changes in NDF and IVDMD are consistent with those of the whole masticate (Table 4) .
Digesta Kinetics
Reduced DMI (Table 1 ) with increasing switchgrass maturity is associated with increases in MRT and reduced ROP (Table 6 ). Estimates based on chromium-mordanted fiber showed MRT to increase linearly from 64.3 to 93.0 h and ROP to decrease linearly from 3.3 to 2.1%/h. The associated FILL increased linearly from 1.4 to 1.6% of body weight. The liquid phase (measured by Co-EDTA) showed (Table 6 ). The MRT of the liquid phase increased (from 23 to 33 h ) and ROP decreased (from 8.4 to 5.8%/h) as noted for gastrointestinal tract DM. The estimates of MRT and ROP based on Ybmarked fiber, as opposed to Cr-mordanted fiber, were quadratic with hay maturity (Table 6 ). The associated FILL increased linearly with hay maturity as noted for Cr-mordanted fiber. The lack of change in MRT estimated for Yb-marked fiber for the 42-and 56-d hays and the increase in ROP and decrease in FILL estimates for the 56-d hay raises concern about the use of Yb as a fiber marker. In general, the longer MRT and slower ROP values for Cr-mordant vs Yb were similar to those reported by others Moore et al., 1992) .
Fecal Characteristics
Separation of the fecal DM into the same seven particle sizes used for the masticate DM revealed significant animal × particle size and hay × particle size interactions. The former resulted from a slight departure from parallel trends and is not considered to be of importance. The latter interaction warrants further consideration. Over 94% of the DM in the feces for all maturities passed a 1.0-mm screen ( Figure 5 , lower curves). Essentially no DM from feces was retained on the 1.7-mm screen. However, the particle size distribution varied with increasing hay maturity. The percentage of fecal DM larger than .25 mm decreased from 66.2 for the 0-d to 57.5 for the 56-d hay and reflects the reduction in masticate particle size with advancing hay maturity. Hays harvested on d 14 and 42 had values that were intermediate to these and are not shown. Computation of mean particle size in the feces for all five maturities gave respective values of .42, .40, .39, .39, and .36 mm (least significant difference; P < .05 = .03 mm) from the least to the most mature hays. The two least mature hays had similar mean particle sizes but were larger than the most mature hay.
The NDF concentrations of the fecal DM retained on the various sieves showed different changes with hay maturity (Table 7 ). The change in NDF concentrations in the DM of the two smaller particle sizes was cubic compared with linear for the three larger particle sizes. The low NDF concentration noted for the particles retained on the 1.0-mm sieve for the 0-and 14-d hays is a curiosity. Its importance is probably limited because of the small percentage of the total fecal DM in that fraction but does indicate a possible difference in plant composition. Considering all five hays, the DM retained on the 1.0-mm sieve was strongly and positively correlated ( r > .94) with DMI and DMD, whereas DM in particles <.25 mm were negatively correlated ( r > −.89).
The maturing process in switchgrass hay had major nutritional implications due to decreased nutritive value that reduced ruminant DMI and DMD with associated increases in MRT and FILL of gastrointestinal tract DM. The plant maturity effect was ameliorated, in part, through an increased proportion of the diet DM reduced during ingestion into smaller particles that were higher in nutritive value than were large particles within each stage of switchgrass hay maturity. Shifts in masticate particle size were also reflected in fecal particle size and in fecal fiber concentration after comminution from the rumination and digestive processes.
Prediction of Fecal Output and DMI
Actual FO (percentage of body weight) showed a linear decline with increasing switchgrass maturity (Table 8 ) and was consistent with a decline in DMI (Table 1) . Fecal output estimated from Cr-mordanted fiber also showed a linear decline (Table 8 ) with increasing switchgrass maturity and showed a moderate correlation ( r = .67) with actual FO. In contrast, FO estimates from Yb showed no significant change among switchgrass maturities and showed a correlation ( r ) with actual FO of only .08. The lack of a significant effect of hay maturity on FO estimates and Table 8 . Actual and estimated fecal output and DMI of steers fed switchgrass hays of five maturities and pulse-dosed with chromium-mordanted and ytterbium-marked fiber (digestive phase) a a Abbreviations: CR-est = estimated using chromium-mordanted fiber and Yb-est = estimated using ytterbium-marked fiber, Cr-48 h and Yb-48 h = DMI estimated using 48-h IVDMD and Cr or Yb estimates of low correlation between actual and estimated FO raises a question about the utility of Yb in digesta kinetic studies. Measured DMI showed a quadratic decline with increasing hay maturity (Table 1) , as did estimates of DMI based on FO from both markers and using 48-h IVDMD as an estimate of apparent DM digestibility (Table 8 ). When 96-h IVDMD was used with FO estimated from Cr-mordanted fiber, a quadratic decline in DMI resulted and a linear decline was noted from using FO estimated from Yb. The intake estimates based on Cr-mordanted fiber incorporated the linear reduction in FO (Table 8 ) and the quadratic changes in forage IVDMD, whereas the intake estimates based on Yb incorporate only the quadratic change in forage IVDMD. Both markers gave DMI that ranked the hays consistently with actual DMI measurements when using either 48-or 96-h IVDMD as estimates of apparent DMD. The use of 96-h IVDMD with Yb FO gave a linear decrease in DMI with hay maturity and DMI estimates were numerically the closest to actual DMI measurements. This seems to be happenstance, however, because FO estimated from Yb was consistently higher compared to actual FO values (mean = .67 vs .63% BW/d) and not altered by maturity. Further, 96-h IVDMD slightly overestimated DMD (1.0% unit) at d 0 but underestimated DMD by 6.9% units at d 56. These differences were compensating, resulting in DMI calculated from Yb FO and 96-h IVDMD to be very close to actual DMI measurements. The likelihood of such compensation occurring in future studies is unknown. The 48-h IVDMD showed greater disparity; DMD was 3.6% units lower at d 0 and 14.7% units lower at d 56. The consistently low 48-h IVDMD values resulted in low estimates of DMI.
Implications
'Kanlow' switchgrass, a potential for hay source in ruminant enterprises, requires timely harvesting to balance nutritive value and forage yield. High-quality switchgrass hay can be obtained if harvested in the vegetative stage up to approximately 1.3 m of growth. Delaying harvests until the later stages of stem elongation in preparation for booting and into early heading reduces hay quality, resulting in only a maintenance diet. These shifts in hay quality with advancing switchgrass maturity should be used to balance forage maturity and forage quality when feeding animals to achieve a targeted daily response.
